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Edited by Robert BaroukiAbstract We studied the role of the bursicon gene in wing
expansion. First, we investigated its expression at diﬀerent devel-
opmental stages in the silkworm, Bombyx mori. Bursicon gene
was expressed at low levels in larvae, high levels in pupae, and
low levels again in adults. Then, we injected the double-stranded
bursicon RNA into B. mori pupae to test RNA interference. The
level of bursicon mRNA was reduced signiﬁcantly in pupae, and
a deﬁcit in wing expansion was observed in adults. In addition,
the diﬀerential display reverse transcription polymerase chain
reaction (DD-RT-PCR) was used to reveal diﬀerences in the
expression of transcripts in response to the inhibition of bursicon.
In conclusion, bursicon plays a key role in the stereotyped behav-
ioral program involved in wing expansion.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: Bursicon; Wing expansion; RNA interference;
Diﬀerent expression; Silkworm, Bombyx mori1. Introduction
Bursicon is a developmental hormone responsible for cuticle
tanning and wing expansion; it was described more than 40
years ago as bioactivity present in central nervous system
(CNS) extracts and the hemolymph of insects after eclosion
[1–3]. With recent developments in molecular biology, the
structure of bursicon has been elucidated in fruit ﬂy (Drosoph-
ila melanogaster) [4,5], and sequences have been cloned in sev-
eral insect species, including the mosquito (Anopheles gambiae)
[6], cricket (Gryllus bimaculatus), locust (Locusta migratoria),
and meal beetle (Tenebrio molitor) [7]. In contrast, little is
known of this hormone in Lepidoptera, which includes many
devastating agricultural pests. The silkworm, Bombyx mori,
is the best-studied lepidopteran because of its well-character-
ized mutations and the silkworm genome project [8–10]. Its
bursicon gene has already been predicted from the whole gen-
ome sequence [5].*Corresponding author. Fax: +86 21 54924047.
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ulatory peptides, and involved in cuticle tanning and wing
expansion along with pre-ecdysis triggering hormone (PETH),
ecdysis triggering hormone (ETH), eclosion hormone (EH),
and crustacean cardioactive peptide (CCAP) [11–17]. Bursicon
is a 30 kDa neurohormone heterodimeric protein made of two
cysteine knot subunits, Burs-a and Burs-b [4,5]. In Drosophila,
bursicon acts via the G protein-coupled receptor DLGR2,
encoded by the rickets gene. The function of bursicon in induc-
ing insect cuticle tanning has been characterized in detail in
Drosophila, and the rickets mutation of the receptor DLGR2
and point mutations in the bursicon gene cause the failure of
initiation of the behavioral program for wing expansion
[6,18]. Nevertheless, little is known of the function of this hor-
mone in lepidopterans at the molecular level.
Recently, it was shown that the injection of adult Ixodes
scapularis or larva Amblyomma americanum and B. mori with
double-stranded RNA (dsRNA) caused RNA interference
(RNAi) and subsequent gene silencing [19–21]. Gene silencing
has become a powerful tool for studying gene function in ani-
mals and plants. Fire et al. ﬁrst observed RNAi in Caenorhab-
ditis elegans [22]. The mechanism of gene silencing by dsRNA
involves cleaving the dsRNA into fragments of about 22 nucle-
otides [23]. These nucleotide fragments serve as guide
sequences that assemble a silencing complex to destroy speciﬁc
messenger RNAs [24]. We used the RNAi technique to identify
the role of the Burs-a subunit in wing expansion in the silk-
worm, B. mori. In order to gain insight into the molecular
changes associated with the speciﬁc silencing of the bursicon
gene, diﬀerential display reverse transcription polymerase
chain reaction (DD-RT-PCR) was used to identify these diﬀer-
entially expressed genes [25]. In this paper, we investigated the
role of Burs-a in silkworm wing expansion and found three
genes that might take part in this process, and one of them
is trehalase gene, which plays the most important role in ﬂight
muscle formation.2. Materials and methods
2.1. Insects
The silkworm, B. mori (Chinese strain, Dazao) used in this study was
provided by Dr. Muwang Li (Sericultural Research Institute, Chinese
Academy of Agricultural Sciences, Zhenjiang, Jiangsu Province, Chi-
na) and reared on fresh mulberry leaves at 27 C on a 12 h-light/12-h
dark photoperiod.ation of European Biochemical Societies.
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To show the bursicon expression at diﬀerent developmental stages,
silkworm larvae were sampled on the ﬁrst day of the 2nd–5th stages
and pupae were sampled each day during the pupal stages and the
1st day of the adult stages. The specimens were stored immediately
in liquid nitrogen for RNA extraction. Total RNA was extracted using
Trizol reagent (Cat. No. 15596-018; Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Real-time RT-PCR was per-
formed using the SYBR Premix EX Taq kit (Cat. No. DRR041S;
Takara, Tokyo, Japan). The ﬁrst strand cDNA synthesis was primed
with oligo(dT)20 using the ReverTra Ace-a kit (Cat. No. FSK-100;
Toyobo, Osaka, Japan) and served as template in 25 ll real-time
PCR assays. The primers designed for Burs-a were 5 0-CAA CTG
CTG TCA AGA ATC AGG AGA-3 0 (forward) and 5 0-GCG GTC
CTT CTT CGG AGT ATC-30 (reverse), and for the B. mori
BmG3PDH gene were 5 0-AAT GTT GTT GCT GTT CCA GAT
GTA G-3 0 (forward) and 5 0-TTC CTC AGC AAC CTC CGA TG-
3 0 (reverse), used as internal control, yielded 193 and 266 bp bands,
respectively. PCR ampliﬁcation and ﬂuorescence detection were
performed using the Rotor-Gene Real-Time Analysis system under
the following thermal cycle conditions: 95 C for 10 s, followed by 40
cycles of 95 C for 10 s, 60 C for 20 s. To reach reproducibility,
each sample was performed in three times. Initial standard curves
were constructed with known concentrations of our ampliﬁed Burs-a
cDNAs. For all real-time assays, the diﬀerent Ct values of Burs-a
were calculated to the actual concentrations of Burs-a mRNA in total
RNA based on the standard curve. And we used BmG3PDH
transcripts to standardize our Burs-a cDNA samples. The amount
presented in the ﬁgure is the relative quantiﬁcation expression level.
Quantiﬁcation, melt curve analysis and sample comparison were
performed with the instructions of the Rotor-Gene software, version
6.0.19.2.3. Construction of dsRNA
To produce dsRNA for RNA interference, a 383-bp PCR fragment
of Burs-a was ampliﬁed using cDNA described above as template and
primers containing the T7 promoter sequence (in italics) 5 0-TAA TAC
GAC TCA CTA TAG GGA GAG GGC ATG AAG TTC AAC TAC
CT-3 0 and 5 0-TAA TAC GAC TCA CTA TAG GGA GAC AGC
GGT CCT TCT TCG G-30. The PCR products were puriﬁed using
a PCR puriﬁcation kit and used as template to generate dsRNA using
a MEGAscript RNAi kit (Cat. No. 1626; Ambion, Austin, TX, USA)
in vitro. Then, the solution was treated with DNase I and RNase for
1 h at 37 C. The puriﬁed dsRNA was added to 200 ll 1 · TE buﬀer
and checked on a 1% agarose gel to ensure that the product consisted
of a single 383-bp band. As an injection control to discard an unspe-
ciﬁc eﬀect, another 489 bp dsRNA from B. mori desat2 gene (GenBank
Accession No. AF182405) was prepared in vitro in the same steps with
the primers 5 0-TAA TAC GAC TCA CTA TAG GGA GAC TGG AGC
TCA TCG TCT GTG G-3 0 and 5 0-TAA TAC GAC TCA CTA TAG
GGA GAT TCA GGC TCT TAT CGT ACG GT-3 0 (T7 promoter se-
quence in italics).2.4. Injection of dsRNA and the observation of wing expansion
Two microlitres (about 20 lg) of dsRNA were injected into 1st day
silkworm pupa using a micro-injector. In total, 100 pupae were in-
jected with Burs-a dsRNA and then allowed to mature into adults.
Four pupae were each sampled for gene expression analysis on days
2, 3, 6, and 7. Wing expansion was observed in the remainder. As a
control, 100 pupae were injected with 1 · TE buﬀer and desat2
dsRNA, respectively. Both of them were treated and sampled in the
same way.Fig. 1. Relative quantiﬁcation of Burs-a transcripts by real-time RT-
PCR at diﬀerent developmental stages in the silkworm, Bombyx mori.
L2–L5: the ﬁrst-day larva of each larval stage, P1–P9: each day of the
pupal stage, A1: the ﬁrst day of the adult stage. Expression levels were
normalized to the expression of the silkworm BmG3PDH gene. The
bar charts (mean + S.D.) represent diﬀerences in Burs-a transcripts
over an average of three replicates.2.5. Detection of Burs a expression after dsRNA injection by real-time
RT-PCR
Total RNA was isolated from the sampled pupae treated with
Burs-a dsRNA, desat2 dsRNA and 1 · TE buﬀer. Real-time RT-
PCR analysis was conducted, as described above, and the PCR
ampliﬁcations and ﬂuorescence were detected in the Rotor-Gene
Real-Time Analysis system. Expression levels were normalized to
the expression of the silkworm BmG3PDH gene on the basis of the
diﬀerent Ct value.2.6. Diﬀerential display reverse transcription polymerase chain reaction
(DD-RT-PCR)
We used a modiﬁcation of the original DD-RT-PCR protocol stan-
dardized by Liang and Pardee [25]. In brief, 1 lg of RNA was reverse
transcribed with an anchored primer with the sequence 5 0-ACG ACT
CAC TAT AGG GCT(11)N-3
0 (N = A, C, or G) and diﬀerent arbitrary
primers: 5 0-AAG CTT GAT TGC C-3 0, 5 0-AAG CTT CGA CTG
T-3 0, 5 0-AAG CTT TGG TCA G-3 0, 5 0-AAG CTT CTC AAC G-30,
5 0-AAG CTT AGT AGG C-3 0, and 5 0-AAG CTT GCA CCA T-30.
The PCR conditions consisted of 95 C for 5 min, followed by 30 cycles
of 94 C for 30 s, 55 C for 30 s, and 72 C for 1 min, with a ﬁnal
10 min at 72 C. The RT-PCR products were subjected to 1.5% aga-
rose gel electrophoresis in TAE and stained with ethidium bromide.
The diﬀerentially displayed DNA bands were cut from the gel using
a sterile razor and puriﬁed using a Gel puriﬁcation kit. The DNA in
the gel was PCR ampliﬁed using the same set of anchored and arbi-
trary primers as used for DD-RT-PCR. The ampliﬁed DNA was
cloned and sequenced in an automated DNA sequencer. The sequences
of the diﬀerentially expressed DNA were analyzed in the NCBI-
BLAST database. In addition, the following primers were designed
from these sequences to conﬁrm the expression levels: aF: 5 0-AAC
GAG GTC GTG CTC TTG G-30, aR: 5 0-TCA TCT GTT GCT
TAC GGC TT-3 0, bF: 5 0-ACG CAT CCG CTA AGT GGT-30, bR:
5 0-CGA GTT AGC GTG GTA TGG ACA T-3 0, cF: 5 0-TGT GAC
GAC AGC GGC GA-30, and cR: 5 0-TCG TTA CAA GTC AGA
GTT CCA A-3 0.3. Results
3.1. The expression levels of silkworm Burs-a at diﬀerent
developmental stages
The expression of Burs-a transcripts in the silkworm B. mori
was explored using real-time RT-PCR at various stages of
development from the 2nd instar larva to the ﬁrst day adult
(Fig. 1). As seen in D. melanogaster [4,5], fewer transcripts
were expressed in larvae and adults, while expression was
much greater in pupae. Unexpectedly, there was very low
expression at the last day of the pupal stage; perhaps this
was because studies of D. melanogaster had only considered
one time point in the pupal stage. Our analysis showed that
bursicon mRNA levels display two peaks before pupal and
adult ecdysis: one appeared in the ﬁrst three days of the pupal
period, and the other three days before the end of pupal stage.
The expression of Burs-b transcripts in B. mori showed a
similar pattern as Burs-a (data not shown).
Fig. 3. Burs-a expression was detected using real-time RT-PCR
analysis after Burs-a dsRNA treatment. P2, P3, P6, P7: days 2, 3, 6,
and 7 of the silkworm pupal stage, respectively. Expression levels were
normalized to the expression of the silkworm BmG3PDH gene, with
1 · TE buﬀer injection as the control.
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expansion
To evaluate the functional role of bursicon in silkworm wing
expansion, we used RNAi by injecting Burs-a dsRNA to sup-
press the expression level of this gene. Based on the gene
expression proﬁle, we deemed the ﬁrst day of the pupal stage
as the best time for the injection. Approximately 100 silkworm
pupae at the ﬁrst day of the pupal stage were treated with
Burs-a dsRNA or 1 · TE buﬀer and desat2 dsRNA as a con-
trol. We each sampled four pupae on days 2, 3, 6, and 7 after
injection for the gene expression analysis. Of the remaining 84
adults, 72 (81.8%) showed unsuccessful wing expansion (Table
1) versus 2/84 and 3/84 controls. As shown in Fig. 2, male and
female control silkworm adults expanded their wings entirely,
while most of those treated with Burs-a dsRNA failed to initi-
ate the behavioral program for wing expansion.
To evaluate this reduction in the bursicon expression level,
we examined four silkworm pupae each on four diﬀerent days.
Using real-time RT-PCR analysis, we found that the bursicon
mRNA was reduced in the steady state after Burs-a dsRNA
injection (Fig. 3). Of the pupae tested, 13/16 (81%) showed
reduced expression of the bursicon gene. Though it has been
found that gene silencing with the injection of Burs-a dsRNA
does not fully inhibit the expression of the target gene in B.
mori, we detected a signiﬁcant reduction of the Burs-a gene
as compared to 1 · TE buﬀer and desat2 dsRNA treatment
control.
3.3. DD-RT-PCR analysis of the mRNA population in TE- and
Burs-a-dsRNA treated pupae
The genes associated with the silencing of bursicon may oﬀer
important clues for identifying the mechanism of the bursicon
hormone. Here, we compared the mRNA population of
1 · TE control and dsRNA-treated samples in day-2 pupaeTable 1
The number of pupae injected, the ﬁnal adults and the phenotype
detection
Treatment Number of
pupae
Number of
moths
Number (percentage)
of moths with
unsuccessful
wing expansion
1 · TE buﬀer 100 84 2 (2.3%)
Desat2 dsRNA 100 84 3 (3.6%)
Burs-a dsRNA 100 84 72 (81.8%)
Fig. 2. Phenotypic changes in wing expansion induced by Burs-a
dsRNA injection with the 1 · TE buﬀer and desat2 dsRNA injection as
the control. F: females, M: males.using DD-RT-PCR with various combinations of anchored
and arbitrary primers. We found that three transcripts, named
a, b, and c, were all down-regulated in the dsRNA-treated
pupae and their length were 616, 569 and 496 bp, respectively
(Fig. 4A). The three diﬀerentially expressed transcripts were
not homologous with each other, while a and b matched to
the silkworm thioesterase superfamily member 2 and trehalase
gene. The c gene showed no homologous results with known
functional silkworm genes, but did match the silkworm gen-
ome Contig101442. Finally, RT-PCR and quantitative real-
time RT-PCR analysis conﬁrmed the DD-RT-PCR results
(Fig. 4B, C).4. Discussion
Bursicon is a very important hormone for insect wing expan-
sion during the last step of metamorphosis. At this period,
most of the larval tissues die and are removed via programmed
cell death, and the newly emerged adults undergo extensive cell
death [26]. The wing epidermis is also removed by cell death at
the time of wing spreading, for example in the ﬂy Lucilia cup-
rina and in Drosophila [27,28]. This process plays an important
role in wing maturation. The dying cells are detached from the
wing cuticle and are absorbed into the thoracic cavity through
wing veins. Inhibition or delay of the cell death also disturbs
the subsequent maturation of the wing. Moreover, epidermis
cell death is triggered by bursicon, which is released just after
eclosion, and its signal is received by DLGR2, one of the gly-
coprotein hormone receptors belonging to the G-protein-cou-
pled receptor family. Bursicon is released before wing
expansion and hastens the tanning reaction, serving to harden
the newly expanded cuticle.
This study demonstrated that bursicon is essential for the
wing expansion of the silkworm. We found low transcript lev-
els of Burs-a in mature adult B. mori. Most importantly, the
low level of expression started on the last day of the silkworm
pupal stage. Maximal levels were observed twice in the pupal
Fig. 4. (A) Analysis of the mRNA population in 1 · TE buﬀer
injection control and Burs-a dsRNA treated samples on day 2 of the
pupal stage using DD-RT-PCR. The arrows indicate the transcripts
that are diﬀerently expressed. (B) RT-PCR analysis of the three
transcripts that were diﬀerently expressed in the 1 · TE buﬀer injection
control and Burs-a dsRNA-treated samples. 1: Burs-a dsRNA
treatment, 2: 1 · TE buﬀer treatment. (C) Real-time RT-PCR conﬁr-
mation of the three transcripts that were diﬀerently expressed in the
1 · TE buﬀer injection control and Burs-a dsRNA-treated samples.
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gence. In addition to inducing a stereotyped behavioral pro-
gram for wing expansion, bursicon is known to be
implicated in cuticle tanning, in ﬂies [4,5]. Interestingly, no dis-
tinct tanning phenotype was observed in our experiments,
when bursicon gene expression was knocked down by RNA
interference. In addition, three genes (a,b,c) that might be in-
volved in the bursicon pathway were identiﬁed. The gene a
shows a similarity with thioesterase superfamily member 2 in
D. melanogaster, the gene b is the silkworm trehalase gene,
while gene c seems to be a novel gene in B. mori. The previous
studies indicated that the enzyme trehalase can split trehalose
into two glucose units [29], and shows an important role in
ﬂight muscle in many insects [30–32]. Whereas the other two
gene sequences may give important clues in further under-
standing the mechanism of the wing expansion.
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